We propose a spin-interference device which works even without any ferromagnetic electrodes and any external magnetic field. The interference can be expected in the Aharonov-Bohm ͑AB͒ ring with a uniform spin-orbit interaction, which causes the phase difference between the spin wave functions traveling in the clockwise and anticlockwise direction. The gate electrode, which covers the whole area of the AB ring, can control the spin-orbit interaction, and therefore, the interference. A large conductance modulation effect can be expected due to the spin interference. © 1999 American Institute of Physics. ͓S0003-6951͑99͒03031-4͔
In this letter, we propose a spin-interference device which works without any ferromagnetic electrodes and any external magnetic field. We calculate the phases which are acquired by the spin wave functions during a cyclic evolution in an Aharonov-Bohm ͑AB͒ ring in the presence of Rashba spin-orbit interaction and Zeeman coupling. It is shown that a large conductance modulation can be expected due to the interference of spin wave functions.
The electron Hamiltonian H in a one dimensional ring in the presence of Zeeman coupling and spin-orbit interaction is given by
where A is the vector potential and the 's are the Dirac spin matrices. We can rewrite this Hamiltonian in cylindrical coordinates as
͑2͒
where a is the radius of the AB ring, and we introduce the following parameters:
By substituting the Dirac matrices for the spin operators and then diagonalizing this 2ϫ2 matrix, we can find four eigenfunctions of the Hamiltonian. They are given by
where the arrow stands for the spin direction and the plus/ minus sign for the travel direction. Figure 1 gives an overview of the spin direction of the clockwise and anticlockwise traveling electronic waves. It is natural to have eigenfunctions like Eq. ͑3͒ from the definition of the spin directions in Fig. 1 Notice that we have defined n in Eqs. ͑3͒ to be positive, in order to get the right sign of the expectation value of the velocity. By using these eigenfunctions we can deduce the expectation value of the energy. The expectation value of the energy will depend on the spin direction and travel direction , and is given by
Here we can easily identify the first term as being the kinetic energy, the second term as being the spin-orbit energy, and the last term as being the Zeeman energy, respectively. When we impose that the energy of the electrons is independent of spin-and travel direction and should be equal to the Fermi energy, we can deduce the difference in quantum numbers n by using Eq. ͑4͒. Therefore, the phase difference between the spin-up waves traveling in opposite directions after half a revolution can be obtained as
In a completely analogous way we find for the phase difference between spin-down waves
For the phase difference between waves of opposite spin and travel direction we get
Equations ͑7͒ are only valid if the spin-orbit energy is much larger than the Zeeman energy, i.e., when we apply a small magnetic field. In Eq. ͑5͒, we can identify the first term as being the Aharonov-Bohm ͑AB͒ phase, and the second term as being the Aharonov-Anandan phase, which is equal to the Berry phase in the adiabatic limit. In expression ͑7͒, we also identify the AB phase as well as the dynamical part of the Aharonov-Casher ͑AC͒ phase. The Berry phase 10 and the AC dynamical phase 11 of the AB ring in the presence of the Rashba spin-orbit interaction were obtained in different ways. The present calculation clearly shows that the Berry phase is important in an interference between equal spin waves, and the AC dynamical phase in an interference between opposite spin waves. It is also clear from Fig. 1 that opposite spin waves traveling in the same direction are orthogonal, but that spin-up and spin-down waves traveling in different directions are not orthogonal. From our calculation, the origin of the AC dynamical phase is due to the difference in precession direction of the spin between the upper and lower branch of the ring. In a weak magnetic field limit Bϭ0, ͗H Zeeman ͘ϭ0 therefore ϭ/2, the phase difference between waves of equal spin now goes to , and the phase difference between opposite spin waves becomes exactly the dynamical AC phase. Notice further that in the case of Bϭ0, the spinors of equal spin states traveling in opposite directions become orthogonal, whereas the spinors of opposite spin state are parallel.
As the first order approximation, we can describe the conductance of the ring as Figure 2 shows a spin-interference device which we propose. The gate which controls the spin-orbit interaction ␣ covers the whole area of the AB ring. Note that Datta and Das 1 pointed out a possibility of spin interference due to the weak antilocalization effect 12 such as an AB ring with different spin-orbit interaction strengths in the two branches. However, the present calculation shows that a spin-interference effect can be expected in the AB ring with a uniform spinorbit interaction. The dynamical phases acquired in the upper and lower branch are not the same but of opposite sign, and are not cancelled out at the outgoing lead. It is interesting to note that the obtained dynamical phase is the same expression as in the case of the spin FET. The origin of the phase difference in both cases is related to the spin precession.
In the case of the spin-FET device, the spin-polarized electrons injected from the ferromagnetic electrode contribute the conductance modulation. The spin polarization rate in the conventional ferromagnetic material is not 100%; several times 10% has been reported from the superconductor/ insulator/ferromagnetic tunneling experiments. 13 On the other hand, all carriers contribute to the spin interference in this proposed device.
So far we discussed the one dimensional AB ring where the channel consists of a single mode. Here we emphasize that this spin-interference device with multi modes works as well, because the phase difference of the spin waves is independent of the wave vector of the modes in upper and lower branches. Usually electron quantum interference devices 14 have to be a single mode in order to obtain larger modulation, because the difference in wave vector from one mode to another causes a different phase shift which smears the interference effect. An important advantage of this proposed spin-interference device is that the current modulation is not washed out even when multiple modes are involved.
In this device, the gate voltage changes the spin-orbit interaction as well as the carrier concentration, and therefore the wavelength of the electrons. If we make the upper and lower branch of the ring of equal length, the interference effect due to the change in wavelength will be cancelled out. Another way to pick up only the spin-interference effect is to put a back gate which cancels the carrier concentration change. The combination of front and back gate can only control the asymmetry of the quantum well, therefore, the spin-orbit interaction. According to the experimental data 2 of the spin-orbit interaction ␣ϭ0.65- 1.05ϫ10 Ϫ11 eV m, the change in the phase difference is ⌬ϭ4.6 -7.4 in an AB ring with 0.3 m radius, and therefore, a large conductance modulation is possible.
In summary, we propose a spin-interference device which does not have any ferromagnetic electrodes. The interference can be expected in the AB ring with a uniform spin-orbit interaction, which causes the phase difference in the spin wave functions. The gate electrode, which covers the whole area of the AB ring, controls the spin-orbit interaction, and therefore, the interference. The advantage of this proposed spin-interference device is that conductance modulation is not washed out even in the presence of multiple modes.
